When a cerebral infarction occurs, surrounding the core of dying tissue there usually is an ischemic penumbra of nonfunctional but still viable tissue, One current but controver sial hypothesis is that this penumbra tissue often eventually dies because of the metabolic stress imposed by multiple cor tical spreading depression (CSD) waves, that is, by ischemic depolarizations, We describe here a computational model of CSD developed to study the implications of this hypothesis, After simulated infarction, the model displays the linear rela tion between final infarct size and the number of CSD waves traversing the penumbra that has been reported experimentally, although damage with each individual wave progresses nonlin early with time. It successfully reproduces the experimental
examine one of the several mechanisms hypothesized to be causally linked to penumbra tissue death: cortical spreading depression (CSD) waves.
Cortical spreading depression is a wave of reduced spontaneous electrical activity and biochemical changes that spreads across the normal cerebral cortex at a rate of about 2 to 5 mm/min. It is characterized by transient reductions in EEG power, failure of neurons to respond to evoked potentials, negative extracellular direct current potential shifts, increased extracellular potassium and glutamate, and increased intracellular calcium (Neder gaard and Hansen, 1993) . Similar, repetitive spreading depression waves, called ischemic depolarizations, also have been reported in animal models to originate from the core of an infarct and progress outward across the penumbra (Nedergaard and Astrup, 1986; Mayevsky and Weiss, 199 1; Gill et al., 1992; Iijima et aI., 1992; Mies et al., 1993; Back et al., 1994; Heiss and Graf, 1994; Hoss mann, 1994a) .
Several experimental animal models of stroke suggest a significant correlation between the number of CSD waves and the evolving infarct volume (Gill et al., 1992; Iijima et al., 1992; Chen et al., 1993; Mies et al., 1993; Back et al., 1996) . However, even in light of recent dif fusion mapping studies showing an increase in infarct volume associated with CSD waves, the causative role of CSD waves in the evolution of penumbra damage still remains uncertain (Takano et aI., 1996) . In this report, we study the CSD hypothesis that CSD waves cause penumbra tissue death in stroke, with the aid of a com putational model. Since the involvement of CSD in hu man stroke remains debatable, our model is best viewed as most directly related to animal models of stroke. After verifying the model' s consistency with experimental data, we investigate systematically how various physi ologic parameters interact and influence the ultimate amount of tissue damage. The results provide support for the CSD hypothesis, and the model makes testable pre dictions, meriting further experimental investigation.
METHODS

Models of ionic changes in CSD in normoxic tissue have
been developed in the past, but were either one dimensional or had limited metabolic and physiologic scope (Tuckwell and Miura, 1978; Reshodko and Bures, 1975) . Recently, a simple two-dimensional model of the potassium changes during CSD waves in normoxic tissue and during migraine aura has been developed (Reggia and Montgomery, 1996) . The basic core of the model presented here draws on this recent normoxic CSD modeling study, but it has been further developed and exten sively expanded to facilitate detailed investigation of many of the major variables relevant to the study of acute focal stroke.
Although there are numerous variables of potential relevance in the ischemic penumbra, we focus on a subset of these and trace their temporal and spatial evolution. Later we summarize the mathematical model, its computational implementation, and experimental methods; a detailed formal description is given in the Appendix.
The model is based on a multidimensional set of nonlinear differential equations that govern key metabolic variables in volved in CSD waves (listed in the Appendix). Both the spatial structure of the cerebral cortex and time are discretized. The cortex is represented as a two-dimensional, hexagonally tessel lated array of elements, each of which represents a small vol ume of cortex. One cortical element is 0.125 mm in length, and one time step corresponds to 13 milliseconds. As elaborated later, each cortical element i has its own value for extracellular potassium K;, potassium reuptake R;, metabolic stores M;, per sistent impairment P;o tissue intactness Ii' internal potassium stores Sk;, cerebral blood flow F;, extracellular glutamate G;, intracellular glutamate Sgi' extracellular calcium Ca;, intracel lular calcium Sc;, and calcium reuptake, Rc;. All variables in corporated into the model are dimensionless and are calculated and presented on a scaled basis from 0 to I, since quantitative data on the rates of change for many of the variables in the model are unavailable. Numerous other variables and factors are relevant to understanding the ischemic penumbra (e.g., re active oxygen species, lactic acidosis, mean neuronal firing rates). Some of these factors are being added to our model, but they are not considered in the current report, which focuses solely on the most fundamental aspects of ischemic CSD waves.
The extracellular potassium concentration K;, is modeled as a reaction-diffusion process consisting of a diffusion term re flecting the passive movement of potassium ions along their spatial concentration gradient; a reaction term modeling pro cesses that generate the sharp rise of extracellular potassium; a reuptake term representing the reuptake of extracellular potas sium by neuronal and glial NalK-ATPase pumps, and an infu sion term reflecting an external source of potassium infusion (in experiments simulating CSD wave generation in normoxic tissue). The rate of potassium reuptake R;, is determined by two terms reflecting the functioning of Na/K pumps: a rate increasing term proportional to the levels of extracellular po tassium, tissue intactness, metabolic stores levels, and partial impairment; and a decay term that gradually brings NalK ATPase pump activity back to its resting level when K; values are restored.
The levels of different metabolic factors that are important in defining the tissue energy state (e.g., glucose and high-energy phosphates) are combined into a single variable, M;, the meta bolic stores level. Their supply is proportional to the blood flow rate (presumed to be normoglycemic and well oxygenated) and tissue intactness, and their consumption is governed by the basal metabolic rate and reuptake demands. Cerebral blood flow (FJ to a given cortical unit is modulated by that unit's metabolic stores. The magnitude of resting F; varies linearly along the penumbra; cortical areas located closer to the infarct core have lower resting blood flow levels and a more subdued hemodynamic response. Tissue intactness (lJ denotes the frac tion of cellular components in a volume element that remains viable. Tissue damage occurs in a cumulative fashion when the energy stores of a cortical element fall below a threshold value, and the extent of the damage is proportional to the extent and duration of the energy shortage. A minimal value of tissue intactness is required to release sufficient potassium to induce local depolarization and subsequent propagation of CSD waves (Hull and Harreveld, 1964) . The tissue sensitivity to damage is modulated by the energy stress that the tissue undergoes, re flecting a growing susceptibility to damage of metabolically compromised tissue. This increased susceptibility to damage, for which there is experimental support (Hossmann, 1994a; Iijima et aI., 1992) , is incorporated into the variable P;, termed the partial impairment. The rate of potassium effusion into the extracellular compartment when infarction occurs is deter mined by the level of intracellular potassium stores, Sk;.
Changes in the level of extracellular glutamate, G;, are modeled by incorporating the flux pathways that are known to exist and are relevant to CSD. These include Nalglutamate carriers, amino acid carriers, vesicular release of glutamate, and release resulting from impaired metabolic status. The changes in intra cellular glutamate, Sg;, are opposite those of the extracellular changes. Extracellular calcium levels, Ca;, are incorporated, and the movement of calcium ions is allowed to occur via voltage gated calcium channels, ligand gated channels (e.g., N-methyl-D-aspartate [NMDA]), the activity of the Ca-ATPase, the NaiCa exchanger, and leakage from metabolic impairment.
The changes in intracellular calcium, Sc;, are the opposite of the changes that occur in the extracellular levels. Finally, the Ca ATPase pump, Rc;, is incorporated into the model, analogous to that for NalK-ATPase.
This formal model described here and in detail in the Ap pendix has been implemented as a C program that runs under Unix (Digital Unix V 4.0). An Euler numerical integration method is used, and key results have been verified using a fourth order Runge-Kutta method. Two kinds of numerical ex periments were performed: normoxic and ischemic simulations of CSD waves. In the norm oxic case, CSD waves were gener ated by simulating infusion of potassium (by setting K;n f to a positive value; see Appendix) into the center of the model cortical region. In the ischemic case, the blood flow to the initial lesion core at the center of the model cortex was clamped to zero and a penumbra gradient of cerebral blood flow was simulated. Cerebral blood flow was linearly graded from zero at the cortical element immediately adjacent to the lesion core, to the normal "resting value" of 0.5 at the outermost elements of the penumbra. Values of the model variables are typically recorded at three distinct sites on the simulated cortex: the center of the lesion, 2.125 mm away from the center of the initial lesion core (halfway across the penumbra), and in an intact region,S mm from the center of the initial lesion core (or the center of the K+ stimulus in the normoxic simulations). The software required to run the simulations described in this report and a demonstration can be accessed through our web site at http://www.cs.umd.edu/-reggiaineural.html.
RESULTS
The Normoxic Case
The normoxic simulation produces CSD waves similar to those that have been reported to occur under condi tions of normal cerebral blood now in the cortex of a variety of experimental animals. The model equations and parameter values were selected by an extensive em pirical trial-and-error search process so that the model successfully reproduces the fundamental properties of normoxic CSD waves, their velocity and duration, and the accompanying negligible damage.
In the normoxic CSD simulations, a sufficient amount of K" was repeatedly infused into an area of 5. 17 mm 2 (equivalent to the initial lesion core area in the ischemic simulations that are given later) in the center of the simu lated cortex, so that one CSD wave is generated and traverses the simulated cortex per infusion. The infusion regimen consists of 2-minute K" pulses, repeated every 15 minutes. The values of the parameters and initial con ditions used for the normoxic simulation can be found in Table 1 in the Appendix. The CSD waves in the simu lation traversed the cortex at a velocity of approximately 3.9 mmfmin, consistent with literature reports of a nor moxic CSD wave velocity of 2 to 5 mmfmin (Hansen et aI., 1980; Nedergaard and Hansen, 1993) . The duration of the normoxic CSD waves (approximately 80 seconds) also is consistent with literature reports (Nedergaard and Hansen, 1993; Sugaya et aI., 1975) . No infarction was detected as a result of the CSD waves generated during 3 hours of intermittent infusion of potassium (data not shown). Figure IA presents the temporal behavior of the model variables during the passage of five normoxic CSD waves, as measured by a simulated electrode located 5 mm from the center of potassium infusion. Initially, the extracellular potassium levels are set to the normal rest ing level of 0.03 (corresponding to 3 mmollL). The ex ternal infusion of potassium elevates extracellular potas sium above the autocatalytic threshold value (Ke). Dur ing CSD waves, the potassium levels increase rapidly to more than 20 times their resting levels, and the potassium reuptake rate R increases in response to rising extracel-J Cereb Blood Flow Metab, Vol. 18 . No. 9 . 1998 lular potassium. As the reuptake mechanism returns the extracellular potassium levels back to basal levels, there is an initial undershoot of extracellular potassium fol lowed by a slow return to resting levels. In the model, the length of time that extracellular potassium remains be low resting levels determines the absolute refractory pe riod during which subsequent CSD waves cannot be gen erated (approximately 3 to 4 minutes in the model). The behavior of the reuptake variable displays a profile that has been reported for metabolic, energy-driven cellular processes (Hansen and Mutch, 1984) . We equate the re uptake rate variable with the activity of the membrane bound Na/K-ATPase (of neuronal or glial origin).
Increased reuptake rate in response to high extracel lular potassium levels and the increases in the Ca ATPase activity reduce metabolic energy stores (i.e., A TP) by about 40% for all cortical elements invaded by the CSD wave (M in Fig. lA) , consistent with literature reports (Mies and Paschen, 1984; Gault et aI., 1994) . As the tissue repolarizes, the metabolic energy stores return to near-basal levels within 5 minutes. There are numer ous reports of the coupling between metabolic stores and cerebral blood now under normoxic conditions (Mies and Paschen, 1984; Pulsinelli, 1992; Nedergaard and Hansen, 1993) , which also is captured in the model where the restoration of metabolic stores M occurs con currently with an increase in cerebral blood flow (F in Fig. lA ). As occurs biologically, cerebral blood flow increases significantly in response to increased energy demands (up to 90%) and returns to basal levels shortly after the restoration of metabolic stores (Hansen et aI., 1980; Mies and Paschen, 1984; Back et aI., 1994; Zhang et aI., 1994) . Extracellular glutamate levels in the model increase approximately 20-fold as extracellular potas sium rises (Wahl et aI., 1994) . Extracellular calcium drops to approximately 10% of control, and intracellular calcium levels inversely mirror the changes in extracel lular levels (Lauritzen, 1994) . These changes in gluta mate and calcium are transient, and total ionic homeo stasis is achieved in the model within approximately 5 minutes after the passage of the CSD wave.
The Ischemic Case
To simulate focal ischemia within the model, cerebral blood flow is clamped to zero within an area designated as the initial lesion core and a cerebral blood flow gra dient is established, which defines the penumbra that surrounds the lesion. The parameters for the ischemic simulations are identical to those used in the normoxic model (except for the creation of a penumbra). Figure IB presents a recording from the central cortical element within the ischemic core as blood flow F suddenly goes to zero at time zero. As the metabolic stores M drop below a threshold because of basal metabolic consump tion, tissue intactness subsequently falls as infarction oc-
�"'-L-..,:::". L_=:::: ::. .. .: curs (this occurs fairly rapidly in the case illustrated here; more gradual or delayed infarction can be modeled by parameter variations). As intactness drops, extracellular potassium and glutamate levels rise, caused by the re lease from the internal stores of the affected cortical elements. Potassium reuptake and calcium extrusion, which require metabolic energy, are negligible in the infarct core because of the reduced metabolic energy stores. Glutamate is released by both energy reduction and the drop in tissue intactness and increases more than IOO-fold, consistent with literature reports (Wahl et a!., 1994) . Extracellular calcium drops and remains de pressed until cellular lysis occurs, which rapidly releases Ca2+ back into the extracellular space. Since the record ing electrode is in the center of the initial infarct core, it is surrounded by numerous cortical elements, all of which are simultaneously dying and releasing cellular ions and neurotransmitters. Since potassium reuptake is no longer operational and we assume negligible potas sium clearance in the absence of blood flow, diffusion becomes the primary mechanism whereby extracellular potassium is cleared from the infarct core. The concentration gradient of potassium is, however, essentially zero within the infarct core, so potassium is only slowly cleared from the center of the infarct core. Figure lC presents the output of the same simulation recorded near the midpenumbra (approximately 2 mm from the center of the initial lesion). During this specific simulation, five CSD waves were recorded at a more distant electrode located in the surrounding, normally perfused cortex. However, as seen in Fig. 1 C, at this location the fourth and fifth waves partially coalesced. (Notice that even after CSD waves stop at one penumbral location, such as that in Fig. lC , they may continue to be generated from the rim of the expanding infarct in more peripheral regions.) The penumbra CSD waves exhibit the same basic profile found in normoxic simulations, with elevated extracellular potassium and glutamate and decreased extracellular calcium. The velocity of the CSD waves remains similar to that found in the normoxic simulations, although there was a trend toward a de crease (from 4.8 to 4.3 mm/min). Their duration exhib ited a 13% increase (from 2.0 to 2.3 minutes) between the first and last wave measured at the same location, consistent with experimental literature reports (Hansen and Mutch, 1984; Nedergaard and Astrup, 1986; Neder gaard and Hansen, 1993; Back et aI., 1995) . The increase in CSD wave duration in the model results from an in crease in the partial impairment term, which decreases the reuptake rate and the rate of metabolic stores pro duction. Since these variables are required for the resto ration of ionic homeostasis, any reduction in their mag nitude will prolong CSD wave duration. Cerebral blood flow (F) rises by 55% during the first wave in response to a 62% decrease in M. With each passing wave, the drop in M increased and the rate of recovery between CSD waves decreased, without a proportional increase in F. Intracellular calcium levels increased dramatically, consistent with literature reports (Lauritzen, 1994; Mar rannes et aI., 1988; Hossmann, 1994b) . When intactness approaches zero, calcium returns to the extracellular space as membrane integrity is lost. Since the model does not represent dynamically varying extracellular and in tracellular volume changes, nor intracellular calcium buffering, the rate of release of intracellular calcium is faster and the levels of extracellular calcium are higher than would be expected. Glutamate levels rise in syn chrony with the CSD waves as in the normoxic case, but in a biphasic manner. The initial increase is by vesicular release, which is smaller in magnitude than that observed in the normoxic case. This could be accounted for based on the requirement for ATP in the vesicular release pro cess. The second part of the response is mediated by J Cereb Blood Flow Metah, Vol. Iii, No.9, 1998 metabolic release of glutamate (see the glutamate levels for the first and second wave in Fig. IC) . When infarc tion occurred (/ decrease), additional glutamate is re leased as cellular membranes are destroyed. As cell in tactness decreases, the extracellular potassium is cleared more and more by simple diffusion alone. As the infarct progresses into the penumbra, a steep extracellular po tassium gradient results, which clears the potassium away from damaged cortical elements more quickly than in the center of the infarct core.
Effects of Model Variations
Figure ID plots the infarct area over time (since the model is two dimensional, we refer to infarct area instead of infarct volume) as it evolves during four simulations with a variable number of CSD waves. These results capture some important relations described in the litera ture. It has been reported that there is a strong linear correlation between the number of CSD waves and the size of the final infarct (Mies et aI., 1993) . However, using diffusion weighted imaging to map out damage as it occurs over time, it was recently shown that the infarct volume progresses in a less than linear fashion (Reith et aI., 1995; Takano et aI., 1996) . Our model captures both the linear relation between the number of waves and the final infarct area (across experiments, r = 0.978), as well as the nonlinear relation between the number of waves and the amount of evolving damage (damage over time as seen in Fig. ID) . The pattern of infarct progres sion, which is coupled to the passage of CSD waves, is consistent with several recent reports supporting the hy pothesis that CSD waves increase the infarct volume resulting from ischemic stroke (Mies et aI., 1993; Back et aI., 1996; Takano et aI., 1996) .
We also investigated the effects of penumbra and ini tial lesion sizes on the number of CSD waves generated and the size of the final infarct. Holding the total area of ischemia (initial lesion core plus penumbra) constant, the relation between initial lesion core area and final infarct area is roughly linear and highly correlated (r = 0.994). The number of CSD waves was reduced with an increase in the size of the initial core lesion from a maximum of four to a minimum of two CSD waves. The final infarct size was linearly proportional to the width of the pen umbra, holding the initial lesion core area fixed (r = 0.997). In a separate experiment, the initial lesion core size was fixed and the surrounding penumbra was varied in its radius. As the penumbra size (radius) increased, the number of CSD waves increased from a minimum of two to a maximum of seven CSD waves. In the preceding two experiments, and for all others reported in this article, the final infarct area progressed to a location within the pen umbra with a similar "critical" cerebral blood flow value of about 35% of control values. This is a testable prediction of the model under conditions with essentially linear blood flow gradients in the penumbra.
There was a trend toward an increase in CSD wave velocity (up to 6%) at the distal edge of the penumbra, compared with CSD waves measurements near midpen umbra, and a decrease in the duration (up to 13% at the distal edge compared with near midpenumbra) of CSD waves as they moved across the penumbra. These results are consistent with the hypothesis that CSD wave propa gation is directly influenced by the metabolic status of the tissue through which it propagates. Since cerebral blood flow, metabolic stores, and hemodynamic re sponses are graded across the penumbra, the more distal from the core center the recording site is, the larger are the metabolic reserves and the greater is the degree of cerebral blood flow coupling to metabolic demands. When the CSD waves invade the normal tissue surround ing the penumbra, the physical characteristics of the CSD waves approach values found in the normoxic simula tions.
The model exhibits an inverse relation between infarct area and mid penumbra cerebral blood flow (r = -0.835). By varying the blood flow gradient linearly and taking midpenumbra flow as essentially representing mean penumbra blood flow, the model successfully re produces experimental results, indicating an inverse re lation between the mean cerebral blood flow and final infarct volume (Takagi et ai., 1993) . Simulations also are consistent with data indicating that there is an inverse relation between final infarct area and activity of Na/K ATPase, represented by the value C RK in the model (Williams et ai., 1994) . Interestingly, the total expendi ture of metabolic energy is reduced when C RK is in creased because of the reduction in the duration and the number of CSD waves. Thus, surprisingly, enhancing Na/K-ATPase activity may reduce metabolic load and tissue damage in the penumbra, suggesting a possible therapeutic avenue for future studies. Finally, the model captures the effects of administering NMDA channel blockers. This is done by having the threshold for the rise in potassium, Ke, increase in the presence of channel blockers in proportion to the amounts of blocker infused and to local blood flow Fi (i.e., more blocker reaches well-perfused areas). This is in accordance with the find ings of Marrannes and coworkers (1988) , which show that NMDA antagonists cause an increase in the thresh old for CSD elicitation, that is, an attenuation of the positive feedback mechanism involved in CSD genera tion. As Ke rises, CSD propagation is blocked and CSD wave amplitude is substantially attenuated in the penum bra, with incipient CSD waves quickly dying out when they occur (Marrannes et ai., 1988) . Both CSD initiation and anoxic depolarization onset time are maintained at their baseline values, since the metabolic status of the core is not greatly affected.
DISCUSSION
This article presents the first computational model ex amining the hypothesized role of CSD waves in ischemic stroke. Our results show that the basic formulation de veloped previously for the computational study of nor moxic CSD waves can be extended in a natural, straight forward manner to study ischemic CSD. Our model gen erates CSD waves that have similar characteristics to those observed experimentally, regarding their form, ve locity, and duration (Mies et ai., 199 1) . As shown, our model can successfully reproduce the general form and properties of CSD waves in the ischemic penumbra, and the typical profiles of blood flow response and increasing metabolic shortage observed in animal models of isch emic CSD.
The model has been used to conduct several simula tion experiments that examine the plausibility of the hy pothesis that CSD waves increase infarct volume. In summary, they are as follows: 1. The model displays the strong linear correlation found between the number of CSD waves traversing the penumbra and final infarct size. It shows how this overall linear correlation is observed while the dam age observed in each individual acute stroke experi ment progresses sublinearly over time. 2. The model successfully reproduces the experimental dependency of final infarct size on mean cerebral blood flow and Na/K-ATPase levels (the latter repre sented by R in the model). 3. Detailed quantitative predictions are generated, de scribing the effects of the initial infarct size and the extent of the accompanying penumbra on the final infarct size. A critical penumbra blood flow level is identified, beyond which damage does not progress. 4. Several testable predictions characterizing ischemic CSD waves in the penumbra are made. A: The num ber of CSD waves generated by the model is highly correlated with the duration of elevated potassium in the infarct core. B: The velocity of CSD waves is dependent on the metabolic energy reserves of the tissue; it should increase as the wave spreads along the penumbra, approaching the velocity found in the norm oxic case when it reaches the perfused tissue surrounding the penumbra. C: The duration of isch emic CSD waves is contingent on the recording lo cation and should decrease as the wave traverses the penumbra. These predictions could be tested by mea surements along multiple sites within the infarct core, the penumbra, and its surroundings. D: The model predicts a critical CBF threshold, beyond which dam age is not likely to occur (35% of control).
These findings support the hypothesis that CSD waves play an important causal role in the progression of pen-umbra tissue damage resulting from acute stroke. More over, our results are not critically dependent on a spa tially uniform set of values for the parameters and con stants employed in the model. Fluctuations up to ±20% of their reference value did not alter qualitatively the physical characteristics (i.e., velocity and duration) of CSD waves observed in our experiments.
The model presented in this report lays the founda tions for further computational study of acute focal stroke and the ischemic penumbra. Making first steps in this investigation, we have chosen to focus on a minimal set of variables that could provide meaningful insight as to the role of CSD waves in the penumbra. To develop the model further, additional variables that are known to play a significant role in the penumbra, such as free radicals, free fatty acids, pH, the type and relative dis tribution of various calcium ionophores (e.g., alpha amino-3-hydroxy-5-methyl-4-isoxazole proprionic acid receptors), could be added. From a broader perspective, an important result of this work is the demonstration that, with recent developments in available computational power, a complex multivariate computational study of acute stroke has become feasible.
In the following equations, variables are denoted by either a single capital letter or a capital-lower case letter combination (e.g., K, Rc), constant parameters by sub scripts to the variables' names (e.g., Kresl' Me), and mul tiplicative constants begin with a lower case "c," which is subscripted by two capital letters, both of which usu ally are names of variables. The first letter is the name of the variable whose equation contains this constant, and the second letter usually is the name of a variable that the constant modulates (e.g., cKS is the constant associated with the effect on the external potassium K of the internal potassium stores Sk). Numerical values for all parameters used in the simulations presented in this report are listed in Table 1 .
The rate of change of extracellular potassium concen tration KJt) of element i at time t is governed by the reaction-diffusion equation KreSl beyond which elevated Ki triggers explosive subse quent growth in Ki, and a ceiling Kmax > Ke above which Ki does not rise. The second term represents the patho logic leakage of intracellular potassium into the extracel lular space in damaged, infarcted tissue. It is a function of the levels of intracellular potassium stores Ski' tissue intactness Ii' and extracellular potassium. The third term retlects reuptake of potassium. The fourth term represent diffusion of potassium through the cortex, where CKD is the potassium diffusion coefficient and V 2 is the Lapla cian operator. The last term, Kill /' represents external in fusion of � into the simulated cortex. To simulate NMDA blockage, the value of Ke is increased in pro portion to the amount of NMDA blocker infused and to Fi (more blocker reaches well-perfused areas), consistent with the work of Marrannes and associates (1988) . The potassium reuptake Ri is governed by
where constants CRK' CRR' and cR "? O. The first term retlects reuptake proportional to the levels of partial im-pairment, tissue intactness, and extracellular potassium, and the second is a decay term, which contains extracel lular potassium-dependent and potassium-independent components. The P; term (explained more fully later) is the partial impairment of element i, and the addition of the factor (P ® -P) incorporates the reduced capacity of an active process as a function of the number of CSD waves. The initial value of Ri is O. The metabolic stores that determine the energy status of the tissue, that is, the high-energy phosphate pool, is denoted by the variable M; and is governed by
where CMF, M" CMR' cMM' cM V > 0 are constants. Mt is the initial target value of metabolic stores that generates the stable resting value in the absence of any metabolic drain. CMM is the basal level of energy expenditure. Ini tially, M; starts at Mrest. The first term is a supply term, proportional to blood flow and tissue intactness levels, and inversely related to metabolic stores production rate and the level of the partial impairment (PJ The second term represents the metabolic load imposed by potassium reuptake, calcium extrusion, and the basal metabolic rate.
The partial impairment variable P; represents stresses on element i that compromise its integrity as a result of decreased pH, increase in free radicals, etc. When the metabolic stores M; drop below the partial impairment threshold (Mf<), the partial impairment for cortical ele ment i increases in proportion to the magnitude of the difference between M ® and Mi where cpp > 0 is a constant. P; remains unchanged when Mi > M®; initially P; is O.
Penumbra cerebral blood flow is regulated by where CFM' Mrest' F max' CFF> 0 are constants and CFM > cFI"" Mresl is the initial metabolic stores level, F max is the absolute ceiling for the blood flow rate, and F mJ2 is the equilibrium rate of blood flow in normal tissue. Initially, Fi is F mJ2. The first term represents the dependency of blood supply on the status of the metabolic stores and current blood flow levels. The second term drives blood flow toward its basal rate. Variable I; is an indicator of the intactness of element i, representing the fraction of the element that is undam aged. Damage, which is assumed to be irreversible, oc-curs only below a critical metabolic threshold level M; < (Pe + P;), and is proportional to this energy deficiency, dl; dt = c/l ( M; -( Pe + P)I;
where cII> Po> 0 are constants. I; remains unchanged when Mi � (Pe + P), and initially, I; is 1.0. This thresh old for tissue intactness is directly dependent on the per sistent impairment Pi' The leakage of potassium from intracellular to extra cellular spaces occurs when the intactness for a given cortical element, 1;, begins to drop. This is expressed as where Css > 0 is a constant. Initially, Ski starts at 1.0.
The concentration of extracellular glutamate G; is de scribed by a reaction diffusion equation analogous to that used for external potassium levels: . K are dynamically assigned values. The first, eighth, and ninth terms play the same roles as with potassium. The second term represents vesicular release of glutamate, which is dependent on energy levels (t::. M), depolarization (t::. K) , intracellular calcium levels (Sc), and intactness (lJ Value t::. K = K; -KreSl if K; > Krest (0 otherwise) repre sents membrane depolarization, which is directly propor tional to the rise in extracellular potassium. The intracellular glutamate level Sg; is set initially to I mmol/L and is altered by changes in the extracellular glutamate levels:
The extracellular calcium concentration Ca; is mod eled by aCai -at = C CA (Ca; -CaCR)( Ca; -Cae)( Cai -CamaJ -flKCa;cCV l; -(Gi -Gm·,)Ca; flK cecl; + (SCi -SC;nit)Rc; csR + flKC SC;CCNl; -KrevCaicCKl; -MCCa;cCMl; + ( l.0 -lJSci Ccs(l.O -CaJ + CCD \l 2 Ca; + Ca;n f where CCA < 0, but CaCR' Cal")' Caf/W X ' ccv, Gres" Ceo SC;n;t' CSR' CCN' CCK, CCM' CCS' CCD > O. Initially, extra cellular calcium levels are 1.0, corresponding to 1.0 mmol/L. The first and last two terms here are analogous to those with potassium. The second term represents the influx of calcium through voltage-dependent calcium channels. The third term represents ligand gated calcium influx through NMDA receptors. The fourth term quan tifies the activity of Ca-ATPase. Its activity is dependent on sufficient energy reserves through Rc;, and an in crease in intracellular calcium levels from resting levels. The fifth term incorporates the action of the sodium calcium exchanger. On the rising phase of a CSD wave, sodium flows into cells, and intracellular calcium moves into the extracellular space through this exchanger. The sixth term incorporates the reversal of the sodium calcium exchanger when potassium influx occurs, and sodium effuses, transporting calcium back into the cell. The seventh term reflects the release of calcium down its gradient when metabolic sufficiency is reduced. Here M C is proportional to the difference between M; and the metabolic threshold for calcium influx, CMe. If M; > CMN, Mc = O. The eighth term represents release of calcium into the extracellular space on cell lysis.
The rate of calcium extrusion into the extracellular space, Rci, reflecting the functioning of membrane bound Ca-ATPase pumps, is modeled by dRc; dt = CRc C PS -PJl;M/Sc; -Scin;, ) -CCcCSCmax -SCi + cR)Rc;
J Cereh Blood Flow Metah, Vol. /11,. No. 9. /998 where CRO SCini" ccc, SCmax, cR > O. The first term re flects extrusion proportional to the levels of partial im pairment, tissue intactness, and intracellular calcium lev els, and the second is a decay term, which contains in tracellular calcium-dependent components. The initial value of Re; is O.
The intracellular calcium level SCi is set to 0. 1 (J..L mol! L) and changes in its concentration result from changes in the extracellular calcium levels:
Boundary conditions along the edges of the simulated cortex cause arriving CSD waves to dissipate immedi ately. One time unit (or iteration) in the program is given by tick scale = literature duration/stimulation duration where "literature duration" ("simulation duration") de notes the duration of a CSD wave reported experimen tally (measured in the simulation). The duration of a CSD wave in the model is the number of iterations that elapse while K+ is above 0.5. The experimentally deter mined duration we employed was 80 seconds for nor moxic CSD waves. The length of one spatial unit in the model cell scale ·tick scale
(literature velocity/stimulation velocity)
where simulation velocity is the number of units (cells) that the wave traverses in a given time unit and literature velocity is taken to be 4.8 mmlmin for normoxic CSD waves. Substituting values reported in the literature for CSD wave duration and velocity yields approximately 0. 125 mm as the cell scale and about 13 milliseconds (2.167 * 10-4 minute) as the tick scale, the program time step.
